The stormwater runoff and infiltration performance of permeable pavements has been systematically evaluated within an intensive monitoring program. The primary objective of the investigation was to generate a broad database, which enables the development of an advanced simulation module for urban drainage modelling. Over 160 field and lab scale experiments have been completed and analyzed for surface runoff and infiltration characteristics. The test series include several pavement types under various boundary conditions such as diverse precipitation impacts, varying surface slope and layer construction as well as different stages of surface clogging and several base and subgrade layer characteristics. The results represent a reliable and comprehensive database that allows profound conclusions and substantial recommendations.
Background and objectives
Permeable pavements are a common and effective technique to reduce stormwater runoff from urban areas. Various types of more or less pervious structures are available and are used for private as well as for public areas. Consequently, the traditional methods to design storm drainage facilities have to reproduce the specific runoff and infiltration processes of these surface structures -whether the conventional rational method in combination with runoff coefficients or more complex urban drainage models are applied. Therefore, both computational methods require runoff or infiltration parameters. However, up to now sound parameter recommendations do not exist in regard to common pavements (e.g. Thorndahl et al., 2005) .
Moreover, the common urban drainage models are using archaic methods that have been adopted from the simulation of natural watersheds once, such as the approaches of Horton (1940) or Green and Ampt (1911) . Even though paved and permeable surfaces are receiving more and more attention and the expectations regarding the accuracy of model applications are continuously rising, these makeshift methods have not been reconsidered or improved for years. Consequently, it is not surprising that simulation results show differences of up to 100% compared to observed runoff volume or peak discharge, the more so as the infiltration performance of a technically constructed pavement heavily differs from natural soils. The lack of both validated parameter recommendations as well as adequate methods for modelling stormwater runoff and infiltration processes on pavement structures are a result of evident knowledge deficits regarding the particular infiltration performance of pavements.
Driven by these deficits, the stormwater runoff and infiltration performance of various pavement structures has been systematically evaluated within an intensive monitoring program. The primary objective of the investigation was to generate a broad database that enables a phenomenological analysis of the infiltration process in order to develop an advanced simulation module for urban drainage modelling.
Material and methods
Valuable investigations have been realized in recent years (e.g. Borgwardt (2006) , Davies et al. (2002) , Pratt et al. (2002) , Timmermann (2000) or Field et al. (1982) ) but are only focusing on particular aspects, do only consider the infiltration capacity of new constructions or do not enable entire water balances, mostly. Overall, more detailed investigations that include the evaluation of the entire infiltration and percolation processes through top and base layer into the soil layer as well as clogging effects and other impacts are rare. Consequently, further investigations, which allow a detailed view into the construction, were necessary to obtain a reliable database for the development of a new computational method. Due to this, an extensive monitoring program has been initiated including field measurements on existing pavements as well as numerous lab scale tests on new and gradually clogged pavements. The overall research project was divided into the following steps:
(1) Field measurements on existing pavements by infiltration tests (2) Lab scale experiments of several pavement types under various conditions (3) Data base extension by application of the detailed finite element model HYDRUS-2D (4) Evaluation of monitoring data supported by simulation results (5) Development of an advanced conceptual modelling approach Field measurements The infiltration capacity of existing pavements and the temporal distribution of the infiltration rate have been evaluated by on-site infiltration tests. On various sites, six different types of permeable pavements have been tested several times using an infiltrometer device (Illgen and Harting, 2006) . The collected data indicate the infiltration capacities of the pavement structures after several years of use and enable the evaluation of the spatial and temporal variability of the infiltration rate depending on clogging effects, mechanical impacts by car traffic and the particular weather condition, respectively. In addition, the data are used as reference values for the imitation of clogging effects within the lab test series.
Lab scale experiments
The major database for the further evaluation of the runoff and infiltration performance has been generated within an extensive lab scale test series. Several types of pavements have been evaluated under various conditions. Included were experiments of various constructions for diverse precipitation impacts, varying surface slope and layer construction as well as for different stages of surface clogging and several base und subgrade layer characteristics. Over 140 tests have been completed and analyzed for surface runoff, infiltration and percolation rates as well as for changes of volumetric water content at several depths of the base layer.
The test facility is composed of a major steel framework with an integrated hopper and a removable sprinkling unit on top. A steel vat of 1 m £ 1 m £ 0.5 m contains the entire pavement construction including base layer, bedding layer and pavers and is put on the hopper into the major framework (Figure 1 ). At the bottom of the steel vat a fine sieve of stainless steel enables an almost free exfiltration of percolating water but prevents erosion of the base layer material. The sprinkling unit provides variable rain intensities between 30 l/(s·ha) and 1000 l/(s·ha) ( ¼ 10.8-360 mm/h) and is controlled by an inductive flow meter and a flexible tube pump. Surface runoff is measured continuously by a mechanical tipping counter with a volume of 2.4 litres on a precision balance; drainage flow is collected in a second tipping counter below the hopper outlet and with a volume of 1.8 litres. The volumetric water content in the base layer is observed by time domain reflectometry (TDR) measures. Six TDR probes can be placed in the base layer at various depths and give a profound insight into the main processes inside the pavement construction during sprinkling and during drying periods, also. The monitoring data as well as the actual rain intensity are continuously recorded and processed in time steps of 10 s.
The major advantage of the lab scale test series is the opportunity to evaluate systematically the impact of each single key influence under well defined boundary conditions whereas all other parameters are left unmodified. The impact of the surface slope of a particular pavement, for instance, has been analyzed by experiments with a gradually varied slope of 2.5%, 5.0% and 7.5%, each for several rain intensities.
As old pavements after several years of use cannot be removed, afterwards reconstructed and examined in the test facility without damaging the jointing structure, clogging effects are imitated by the application of silica flour on new pavements. The fine silica powder has proved to be the best alternative to reproduce clogging effects within laboratory experiments (e.g. Davies et al., 2002) . Various states of clogging have been considered by dispersion of several amounts of silica flour on the pavement surface. Depending on the type of pavement, amounts between 200 g/m 2 and 8,600 g/m 2 have been applied and washed into the joints or voids. To link these amounts to the infiltration capacity of pavements in situ, infiltrometer tests have been carried out in the test facility as well. The resulting infiltration curves have then be compared with our own field measurements and with the results of 49 former infiltrometer tests (Nolting et al., 2005) as well as with recorded infiltration rates reported in the literature. Thus, it was possible to combine the advantage of clearly defined boundary conditions of the lab scale experiments on the one hand side with the necessity to consider clogging phenomena, as they can be found after some years of operation, on the other hand.
The lab scale test series comprises the examination of several types of minor permeable pavements with narrow slots (various block and flag pavements), as well as medium permeable pavements with wider joints of 8-15 mm and porous concrete pavement. Extraordinary permeable pavements have not been considered as they are of low relevance with regard to surface runoff computation due to their high infiltration capacities. The tested pavement constructions are similar to the pavements investigated within the on-site test series, mostly. Moreover, additional experiments have been carried out to examine the impact of a subgrade with a low hydraulic conductivity on the runoff and infiltration performance. Also, the infiltration capacities of various pavements and base layers have been tested in single arrangement without base layer and pavement layer, respectively. The test matrix of the extensive series of an interlocked concrete pavement with narrow slots of 4 mm and filled with sandy aggregates is exemplarily shown in Figure 2 . The test series includes 45 single tests. The ratio of joints related to the entire surface amounts approximately 4% for this pavement.
Database extension by model application
To verify and to even extend the database, the very detailed finite element model HYDRUS-2D has been applied on the executed lab tests as well as on additional lab scale scenarios. HYDRUS-2D is a modelling environment for simulating the two-dimensional movement of water, heat and multiple solutes in porous media (Simunek et al., 1999) . The program numerically solves the Richards' equation for saturated -unsaturated water flow. The unsaturated soil hydraulic properties are described using van Genuchten, Brooks and Corey as well as modified van Genuchten type analytical functions. The particular lab scale test assembly described above is an ideal application case for the sophisticated HYDRUS-2D model and enables reliable results (Figure 3) .
The model has been calibrated against the monitoring data and afterwards applied for additional scenarios, which have not been considered within the test series. Thus, simulations for additional rain intensities, varying base layer characteristics (thickness, compression, hydraulic conductivity) or different conditions at the beginning of a rain event, for instance, have been carried out instead of executing additional time and cost intensive lab experiments. The application of the detailed soil hydraulic model gives the opportunity to densify the database and supports a better understanding of the hydraulic processes within the pavement construction as well. The simulation results of the volumetric water content Q in a pavement construction over several time steps are visualized in Figure 3 . In this example, HYDRUS-2D has been applied on a pervious pavement with slots of 10 mm on a 40 cm base layer of gravel (0/45 mm) for a rain intensity of 100 l/(s·ha).
Results and discussion
The infiltration performance of a particular pavement measured in the field shows a high variability between the infiltration rates recorded at several monitoring points on a certain Figure 2 Test matrix for an interlocked pavement with narrow slots of 4 mm (45 single tests; grey colored cells indicate one or more tests for the particular boundary condition) site (different monitoring points on a particular car park or even the same point at different times) as well as between the rates observed at different locations (same pavement at different sites). For instance, the infiltration rates recorded in the centre of a single parking space are significantly higher than on the main traffic or tyre track, where mechanical impacts from cars and the resulting wheel ruts increase clogging. However, surprisingly high infiltration rates have been found at many locations, even on pavements which are generally considered to be hardly permeable and even after long-lasting periods of operation (without sweeping).
An overview of selected monitoring results recorded at a site in Lingen (Germany) is given in Figure 4 . At another car park with a pavement consisting of interlocked concrete blocks with a ratio of 8% of gravel filled gaps considerable differences between the infiltration capacity curves of three different parking spaces were observed. There, the initial infiltration rates amounted to 550, 750 and 1,250 l/(s·ha), the final rates varied between 370 and 770 l/(s·ha), all measured the same day.
As expected, clogging effects due to fine material accumulating into the slots or voids are greatly influencing the infiltration capacity and can cause a point-wise decrease of the infiltration rate by factor 10 or even 100 compared to new built pavements. As the process of clogging shows stochastic attributes, probabilistic aspects should be taken into account for any further assessment and detailed recommendations. Admittedly, the recorded data are not sufficient for a probabilistic evaluation yet.
The monitoring data of the lab scale experiments together with the simulation results of the HYDRUS-2D application have been analyzed regarding major runoff and infiltration characteristics and their interrelations with the several key parameters such as rain intensity, rain duration, grade of clogging and base layer characteristics (diameter, hydraulic conductivity, density, pore volume).
The infiltration rates from selected lab tests and their correlation to rain intensity and grade of clogging are exemplarily shown in Figure 5 . The results originate from test a series on an interlocking concrete pavement with slots of 4 mm on a 40 cm base layer with a slope of 2.5% and are related to constant rain intensities over a period of 5 and 20 minutes, respectively. The figure indicates that the infiltration rate of a particular pavement significantly depends on the particular rain intensity -even in cases where runoff occurs (infiltration rate i , rain intensity r)!
In comparison to clogging effects and rain intensities, the surface slope of a pavement construction is of lower relevance regarding runoff formation, especially for pavements with higher infiltration capacities or lower degrees of clogging ( Figure 6) . Also, the particular duration of a rain event has only for short-term events a strong impact. The infiltration rate of a pavement construction decreases during the first few minutes mostly and remains more or less constant afterwards.
The investigated block pavements with slots of 7 and 10 mm, both, showed very high infiltration capacities due to the gravel aggregates in the joints. Even for tests with large amounts of silica powder only very low runoff rates of 50 and 25 l/(s·ha) were observed for rain intensities of 1000 l/(s·ha). Even though relatively high rain intensities have been evaluated, the water content below the pavement does usually rise only marginally within Figure 5 Correlation between infiltration rate and rain intensity for various grades of clogging for a pavement with joints of 4 mm and slope of 2.5% (rain duration 5 min and 20 min) Figure 6 Mean infiltration rates depending on rain intensity, surface slope and grade of clogging for a pavement with joints of 4 mm and slope of 2.5% over 15 min. of irrigation a period of 1-2 hours in cases of a free drainage of the base layer. For the scenario of a subgrade with significantly lower hydraulic conductivity, the base layer is functioning as a storage tank with a throttled outflow providing a very large retention volume.
The initial soil water content within the joints may also influence the runoff and infiltration processes of the pavement construction but on a much lower level than for natural soils. A relatively high soil water content represses the higher infiltration capacities commonly observed at the beginning of a rain event and causes lower and more equal infiltration rates instead. After a dry period of 8 to 24 hours depending on the particular soil and weather conditions the soil water contents have reached their initial level and the infiltration capacity has recovered correspondingly. Consequently, the length of a dry period as well as the process of drying itself are factors which are not to neglect entirely.
Conclusions
Based on the widespread monitoring results, the primary characteristics of the specific infiltration phenomenon on permeable pavements have been evaluated. The analysis yield to an identification of the governing boundary conditions and key factors as well as to a quantification of their impacts on the infiltration capacity of the entire pavement construction.
The infiltration performance of pavement structures is characterized by high infiltration rates within the first few minutes of a storm event while the wide pores in the mineral aggregates in the joints are filled with water. Hence, the high values do not represent the hydraulic conductivity of the pavement construction, which may be much lower. The further percolation of the water to the deeper horizons of the base layer starts as soon as particular water contents in the joints have been reached. Already after 5-10 minutes, the infiltration rate has settled down on an almost constant value. The underlying base layer has only minor impact on the infiltration performance of the pavement layer. Here, the water contents are only marginally rising during an storm event due to the much higher pore volume of the rough base layer material (relating to the entire base area). Even a subgrade of an extremely low hydraulic conductivity does generally not lead to a saturation of the overlying base layer due to its enormous retention volume generally far above 50 mm.
Thus, the infiltration performance of the overall pavement structure is predominantly determined by the infiltration capacity of the pavement layer, which is mainly depending on the opening ratio of the joints, the therefor used aggregates, the surface slope and the extend of clogging. Sandy aggregates and small joints provide a much lower infiltration rate than aggregates of crushed gravel as well as wider joints. Furthermore, they allow a faster and more distinct clogging by fine particles (colmation). The degree of colmation can vary largely depending on location and utilization of the particular pavement, which effectuates an enormous variability of the infiltration capacity, even on a site-scale. In addition, the infiltration rate of a particular pavement with certain slope and degree of clogging is significantly depending on the particular rain intensity (cf. Figure 5 ). This phenomenon is induced by the inhomogeneity of the infiltration capacity along the joints. Whereas for minor rain intensities the infiltration capacities are not exhausted at every section of the pavement, some sections already generate considerable surface runoff. For higher rain intensities the higher capacities are becoming effective and lead to an increasing infiltration rate of the entire structure.
Summary and outlook
The paper presents the comprehensive results of an extensive monitoring program on pavements structures. The main objective of the overall investigation was to examine the particular runoff and infiltration processes of different types of (more and less pervious) pavement structures under various conditions and to develop a new approach for modelling stormwater runoff from permeable pavements, finally. Included were field measurements on existing pavements as well as numerous lab scale tests on new and gradually clogged pavements for various precipitation impacts, varying surface slope and different stages of surface clogging due to fine material washed into the joints. Moreover, the very detailed finite element model HYDRUS-2D, a powerful tool for simulating the two-dimensional movement of water in porous media, has been calibrated against the monitoring data and applied on additional scenarios to verify and to further extend the database. The results of the overall investigation represent a reliable and comprehensive database, which allows profound conclusions and substantial recommendations.
Based on the results of the numerous field and lab experiments an advanced conceptual approach for modelling runoff and infiltration processes of permeable pavements has been developed, but will be presented in a separate publication. The approach is based on a simplified bi-directional layer model. Thereby the composition of the model is strictly following the physical construction scheme of a pavement structure, generally consisting of a pervious top layer, an extremely permeable base layer and a more or less permeable subgrade. Moreover, far-reaching recommendations for reasonable infiltration rates, runoff coefficients and model parameters have been worked out which may help planners to estimate the runoff contribution of permeable pavements.
